NAADP (nicotinic acid-adenine dinucleotide phosphate) is a potent Ca 2 + -mobilizing messenger implicated in many Ca 2 + -dependent cellular processes. It is highly unusual in that it appears to trigger Ca 2 + release from acidic organelles such as lysosomes. These signals are often amplified by archetypal Ca 2 + channels located in the endoplasmic reticulum. Recent studies have converged on the TPCs (two-pore channels) which localize to the endolysosomal system as the likely primary targets through which NAADP mediates its effects. 'Chatter' between TPCs and endoplasmic reticulum Ca 2 + channels is disrupted when TPCs are directed away from the endolysosomal system. This suggests that intracellular Ca 2 + release channels may be closely apposed, possibly at specific membrane contact sites between acidic organelles and the endoplasmic reticulum.
Introduction
Changes in the concentration of cytosolic Ca 2 + regulate a plethora of cellular events that are vital for cell viability [1] . The biological importance of Ca 2 + is thus undisputed. The necessary specificity is encoded by the spatial and temporal nature of the Ca 2 + signal. Ca 2 + signals can be highly localized events, restricted to a particular subcellular location, or sweep through the cell, into neighbouring cells and throughout organs [1] . Ca 2 + signals can be rapid, lasting milliseconds, or slow in the form of repetitive (oscillatory) increases that last for hours [1] . Ca 2 + sensors which transduce these signals are acutely tuned to detect the spatial and temporal inhomogeneities in cytosolic Ca 2 + levels [2] . A proper understanding of how Ca 2 + signals are generated is therefore vital in order to understand Ca 2 + -dependent output, a need underscored by the diseases which result from disturbances in Ca 2 + homoeostasis [3] . Central to the generation of complex Ca 2 + signals are the intracellular messengers InsP 3 [4, 5] , cADPR (cADP-ribose) [6] [7] [8] and NAADP (nicotinic acid-adenine dinucleotide phosphate) [8] [9] [10] [11] [12] . They are produced upon cellular stimulation and act predominantly by mobilizing intracellular Ca 2 + stores [1]. The ER (endoplasmic reticulum) is easily the best characterized store of Ca 2 + , housing welldefined Ca 2 + pumps, buffers and channels [13] . InsP 3 and cADPR both mobilize ER Ca 2 + stores through activation of InsP 3 receptors [14] [15] [16] and ryanodine receptors [17, 18] respectively. These channels are structurally and functionally related. In addition to the ER, a range of acidic organelles also serve as Ca 2 + stores [19, 20] although much less is known about their properties compared with the ER. It is these acidic Ca 2 + stores, which include the endolysosomal system [21], which NAADP targets in most cells [22] . In the present paper, we discuss recent advances in delineating the mechanism of action of NAADP, and develop the idea that NAADP-evoked Ca 2 + signals may stem from membrane contact sites between acidic organelles and the ER. 
NAADP as a Ca

TPCs (two-pore channels) as NAADP targets
For many years, the molecular basis for NAADP-mediated Ca 2 + release from acidic organelles was obscure. However, over the last 2 years, there have been several independent studies which have converged on the TPCs as likely NAADP targets (reviewed in [30, 31] [49] , differentiation [50] and endothelial cell activation [51] , consistent with earlier studies implicating NAADP in these processes [52] [53] [54] . New functional roles for TPCs have emerged in endolysosomal trafficking [40] and autophagy ( [43] , and reviewed in [55] . Indeed, in T-lymphocytes, such lack of signals has been interpreted as a direct effect of NAADP on the ryanodine receptor [56] . As discussed above, even upon overexpression of TPCs, functional coupling with ER channels is maintained (but see [39] ), suggestive of an intimate association between TPCs and ER Ca 2 + channels. Direct evidence for the existence of putative trigger events is currently limited.
We reasoned that if NAADP-sensitive Ca 2 + channels could be redirected from their normal subcellular location within the endolysosomal system, then functional coupling would be disrupted. Targeting of many membrane proteins to the endolysosomal system is achieved through targeting motifs that include leucine-and tyrosine-based sequences [57] . We noted the presence of one such motif (a dileucine sequence) within the N-terminus of TPCs [41] . Deletion or mutation of this sequence resulted in the localization of TPC2 to the plasma membrane [41] . Thus this motif appeared to be responsible for targeting of TPC2 to the lysosome. Importantly, NAADP was shown to evoke Ca 2 + signals in cells expressing plasma membrane-targeted TPC2; however, the signals were largely insensitive to blockade of ER channels [41] . Redirecting TPCs to the plasma membrane therefore dissociates NAADP-evoked Ca 2 + release from ER Ca 2 + release. These data fully support the trigger hypothesis and argue against a direct effect of NAADP on ER Ca 2 + channels. Interestingly, the NAADP-evoked Ca 2 + signals in cells expressing TPC2 at the plasma membrane were remarkably similar in kinetics and amplitude to trigger Ca 2 + signals recorded from sea urchin eggs [41] .
NAADP trigger zones
The inability of plasma membrane-targeted TPCs to trigger Ca 2 + release from the ER suggests that, in normal cells, TPCs must be correctly positioned within the endolysosomal system in order for chatter to occur. These data support the idea that NAADP signalling occurs at discrete trigger zones [58] . The concept that Ca 2 + channels in different organelles communicate at specific junctions is not new. For example, ER Ca 2 + channels generate local 'hotspots' or microdomains of high Ca 2 + concentration that are sensed by the neighbouring mitochondria through the mitochondrial uniporter [59] . Additionally, it is established that voltagesensitive Ca 2 + channels on the plasma membrane of muscle cells activate ryanodine receptors on the SR during excitation-contraction coupling [60] . Indeed, in cardiac cells, the two channel types communicate through Ca 2 + -induced Ca 2 + release similar to the proposed coupling of NAADP-sensitive channels and ER channels (Figure 1) and ryanodine receptors are physically coupled [60] . It has been suggested that TPCs might also physically couple with ER channels, thereby explaining the apparent direct activation of ryanodine receptors by NAADP [61] (Figure 1 ). Coupling between TPCs and ER channels may be a stochastic affair. The endolysosomal system is a highly dynamic organelle system and, accordingly, TPCs are remarkably mobile [61] , which may facilitate interaction with ER Ca 2 + channels. Alternatively, might stable junctions between acidic organelles and ER exist? These would be akin to junctions between the plasma membrane and SR formed by junctophilin in the dyadic and triadic junctions of muscle cells which are critical for excitation-contraction coupling [62] . In yeast, the vacuole forms stable contacts with the nuclear envelope (which is contiguous with the ER) [63] . This nuclear-vacuolar junction is formed by interaction of Vac8 (on the vacuole) and NVJ1 (nucleus-vacuole junction protein 1) (on the nuclear membrane) and is thought to be important for autophagic turnover of nuclear material [64] (Figure 1) . Thus, in yeast, precedence for a membrane contact site between acidic organelles and the ER exists. In mammalian cells, analogous membrane contact sites between the ER and both late endosomes [65] and multivesicular bodies [66] have been described. In the case of late endosome-ER junctions, the junction is formed by interaction between Rab7 and RILP (Rab-interacting lysosomal protein) on the late endosome and VAP [VAMP (vesicle-associated membrane protein)-associated ER protein] (on the ER membrane) through ORP1L (oxysterol-binding protein-related protein 1, long form) [65] (Figure 1 ). This site may facilitate cholesterol exchange between late endosomes and the ER [65] . Perhaps these sites might also correspond to NAADP trigger zones (Figure 1 ). Indeed it is notable that, like Ca 2 + , lipid transfer also occurs between the ER and mitochondria, and the ER and the plasma membrane [67] . Thus Ca 2 + and lipid dialogue between organelles may take place at common membrane contact sites [67] .
Conclusions
Much evidence indicates that NAADP evokes cytosolic Ca 2 + signals through the concerted mobilization of acidic Ca 2 + stores and the ER. TPCs play an essential role in this process that requires their accurate targeting to the endolysosomal system. Spatial positioning of intracellular Ca 2 + channels is therefore likely to be an important determinant of cellular Ca 2 + signalling. Future studies at defining and ultimately manipulating the subcellular locales through which channel chatter occurs is warranted. 
